The mutagenic and cytotoxic effects of many endogenous and exogenous alkylating agents are mitigated by the actions of O 6 -alkylguanine-DNA alkyltransferase (AGT). In humans this protein protects the integrity of the genome, but it also contributes to the resistance of tumors to DNA-alkylating chemotherapeutic agents. Here we report properties of the interaction between AGT and short DNA oligonucleotides. We show that although AGT sediments as a monomer in the absence of DNA, it binds cooperatively to both single-stranded and double-stranded deoxyribonucleotides. This strong cooperative interaction is only slightly perturbed by active site mutation of AGT or by alkylation of either AGT or DNA. The stoichiometry of complex formation with 16-mer oligonucleotides, assessed by analytical ultracentrifugation and electrophoretic mobility shift assays, is 4:1 on single-stranded and duplex DNA and is unchanged by several active site mutations or by protein or DNA alkylation. These results have significant implications for the mechanisms by which AGT locates and interacts with repairable alkyl lesions to effect DNA repair.
The mechanisms by which AGT interacts with adduct-containing and adduct-free DNAs are poorly understood. Two contrasting mechanisms have been proposed to date. In the first, single AGT proteins bind normal and lesion-containing DNA, and the distribution of AGT between normal and lesion sites depends on a difference in binding affinity. This model is consistent with the observation that a single AGT monomer is necessary and sufficient to dealkylate a single O 6 -alkyl guanine adduct within a DNA duplex (3) . It is supported by the observation that single AGT-DNA complexes are detected by gel shift assay when AGT binds short DNA molecules. These complexes have been interpreted as having a 1:1 AGT:DNA stoichiometry, and the binding affinities have been calculated based on that assumption (8) . The second mechanism was proposed when it was found that some AGT-DNA complexes have stoichiometries greater than 1:1 and form without the accumulation of detectable binding intermediates (9) . This pattern strongly suggests a cooperative binding mechanism for AGT.
Here we more thoroughly characterize the cooperative binding mechanism. We show that it functions on both singlestranded and duplex 16-mer DNAs and with unmodified and alkylated hAGTs. In all cases the stoichiometries of hAGT:16-mer complexes were 4:1. In this binding mode, hAGT discriminates poorly between lesion-containing and lesion-free DNA. Together these results support a novel model of binding site search and recognition that involves the cooperative formation and processive movement of multi-protein complexes.
EXPERIMENTAL PROCEDURES
Reagents-T 4 polynucleotide kinase was purchased from New England Biolabs, and [␥- 32 AGT Protein-Recombinant human AGT (wild type and C145A mutant proteins) were prepared as previously described (10) . Both of the proteins were homogeneous as judged by electrophoresis (not shown). The wild type protein was 100% active in debenzoylating O 6 -benzylguanine. The C145A mutant lacks the active site cysteine and is not active against alkyl-DNA or alkyl-guanine substrates (11) . The construction of modified pQE-30 vectors encoding C-terminally His 6 -tagged wild type and C145A and C145S mutant AGT proteins for expression in E. coli was accomplished as described (12) . His-tagged proteins were purified from cell lysates using TALON® affinity resin (Clontech), according to the manufacturer's instructions. The samples were dialyzed against 50 mM Tris buffer (pH 7.6) containing 5 mM DTT and stored frozen at Ϫ80°C until needed. Wild type hAGT proteins were alkylated at the active site cysteine by incubation (at 37°C for 30 min) with either 1 mM O 6 -methylguanine or 1 mM O 6 -benzylguanine according to Kanugula et al. (13) . Alkylation was detected by matrix-assisted laser desorption ionization time-of-flight mass spectrometric analysis of trypsin-digested protein, in which the conversion of the fragment containing the active site cysteine (Gly 1315.82) to its methylated derivative (M predicted (14) . Human AGT undergoes a conformational change upon alkylation that reduces its in vivo and in vitro half-life (13) . Accordingly, the samples were used immediately following alkylation to avoid problems of instability.
Human AGT concentrations were measured both with the BCA dye binding assay (15) and spectrophotometrically using a molar extinction coefficient, ⑀ 280 ϭ 3.93 ϫ 10 4 M Ϫ1 cm Ϫ1 , calculated from data of Roy et al. (16) . The values of ⑀ 215 /⑀ 280 ϭ 8.2 and ⑀ 260 /⑀ 280 ϭ 0.63 were obtained from UV spectra of the purified protein dissolved in 10 mM Tris buffer (pH 7.6) at 21°C.
Nucleic Acids-A 16-residue oligodeoxyribonucleotide (sequence 5Ј-GAC TGA CTG ACT GAC T-3Ј) and its complement were purchased from Invitrogen. A substrate oligonucleotide with the same sequence and a methyl substitution at the O 6 -position of the 3Ј-most guanine (shown above in bold type) was purchased from Synthegen LLC (Houston, TX). When duplex DNA was required, the oligonucleotide samples were combined and annealed as described (17) . The DNA samples were labeled at the 5Ј termini with 32 P as described by Maxam and Gilbert (18) and transferred into 10 mM Tris (pH 8.0 at 21°C) using Sephadex G-25 centrifuge columns (Amersham Biosciences). Stock DNA concentrations were measured spectrophotometrically, using ⑀ 260 ϭ 1. Electrophoretic Mobility Shift Assays-The binding reactions were carried out at 20 Ϯ 1°C in 10 mM Tris (pH 7.6), 1 mM dithiothreitol, and 10 g/ml bovine serum albumin, supplemented with NaCl as indicated. Protein-DNA complexes were formed by adding appropriate amounts of hAGT to solutions containing 32 P-labeled oligodeoxyribonucleotides. The mixtures were equilibrated at 20 Ϯ 1°C for 30 min. Duplicate samples incubated for longer periods gave identical results, indicating that equilibrium had been attained. Electrophoresis was performed using 10% polyacrylamide gels (acrylamide:N,NЈ-methylene bisacrylamide ϭ 75:1), cast, and run at 8 V/cm in buffer consisting of 10 mM Tris acetate (pH 7.6) supplemented with NaCl to match the conductivity of the protein-DNA samples. Autoradiograms were obtained with Kodak X-Omat Blue XB-1 film exposed at 4°C. Gel segments containing individual electrophoretic species were excised using the developed film as a guide and counted in a scintillation counter by the Cerenkov method (20) . Similar results were obtained using scanning densitometry.
The serial dilution method (19) was used to obtain self-consistent estimates of the binding stoichiometry (n) and the association constant (K a ). For a binding mechanism of the type nP ϩ D^P n D, the association constant is
. Separating variables and taking logarithms gives the following equation.
Dilution of an AGT-DNA mixture changes the binding ratio
by mass action. A recursive method (14) was used to evaluate n and K a , starting with an initial value of n ϭ 4 deduced from the value of M r (complex) measured by sedimentation equilibrium. In many cases the association constant was also evaluated by direct titration. hAGT protein was directly added to 32 P-DNA solutions (typically ϳ5 ϫ 10 Ϫ7 M), and the samples were analyzed by native gel electrophoresis. The free protein concentration [P] was estimated using the conservation relation [P] ϭ [P] o Ϫ n[P n D] in which [P] o is the total hAGT concentration in the reaction mixture, and an initial value of n ϭ 4 was assumed on the basis of our sedimentation equilibrium results (see Fig. 1 ). For the highly cooperative formation of a 4:1 complex under conditions of large protein excess, the fractional saturation Y is given by (20) the following.
Estimates of K a were obtained by fitting Equation 2 to the experimentally determined dependence of Y on [P] . Analytical Ultracentrifugation-hAGT protein and oligodeoxyribonucleotides were dialyzed against 10 mM Tris (pH 7.6), 1 mM DTT, 1 mM EDTA, 100 mM NaCl. Analytical ultracentrifugation was performed at 20 Ϯ 0.1°C in a Beckman XL-A centrifuge using an AN 60 Ti rotor.
Scans were obtained at 260 and 280 nm with a step size of 0.001 cm. Equilibrium was considered to be attained when scans made 6 h apart were indistinguishable. Typically, equilibration times Ն24 h met this criterion for AGT-DNA mixtures. Five scans were averaged for each sample at each wavelength and rotor speed. For analysis of hAGT protein alone, models incorporating different assembly stoichiometries were based on the following general equation.
Here A(r) is the absorbance at radial position r, and ␣ n is the absorbance of the nth species at the reference radius (r o ). The parameter n is the reduced molecular weight
, M n is the molecular weight of the nth species, v its partial specific volume, is the solvent density, is the rotor angular velocity, R is the gas constant, T is the absolute temperature, and ⑀ is the base-line offset. Solvent density (1.004 g/ml) was measured using a Mettler density meter. The partial specific volume of hAGT (0.744 ml/g) was calculated by the method of Cohn and Edsall (21), using partial specific volumes of amino acids tabulated by Laue et al. (22) .
For a system in which hAGT protein is in binding equilibrium with DNA according to the mechanism nP ϩ D^P n D, Equation 3 becomes FIG. 1. Sedimentation equilibrium analyses of hAGT protein and solutions containing hAGT and DNA. Curve A, sedimentation profile for His 6 -tagged C145S hAGT. Protein (nominal concentration, 13.7 M) was brought to equilibrium at 43,000 rpm and 20 Ϯ 0.1°C. The absorbance measurements were made at 280 nm. The smooth curve represents the global fit of Equation 3 to data sets obtained at two protein concentrations (13.7 and 3.6 M) and three rotor speeds (43,000, 31,000, and 22,000 rpm). This analysis returned M r ϭ 21,800 Ϯ 400 in good agreement with the monomer molecular weight derived from sequence data (21, 860) . Curve B, sedimentation profile of a mixture containing His 6 -tagged C145S hAGT (10 M) and single-stranded 16-mer DNA (0.5 M strands) brought to equilibrium at 15,000 rpm and 20 Ϯ 0.1°C. The absorbance measurements were made at 260 nm. The smooth curve represents the global fit of Equation 3 to data sets obtained at 11,000, 15,000, 20,500, and 27,000 rpm. This analysis returned M r ϭ 91,900 Ϯ 1,500, consistent with a binding stoichiometry of 3.98 Ϯ 0.07. The small, symmetrical residuals demonstrate the compatibility of this model to the data. Curve C, sedimentation profile of a mixture containing His 6 -tagged C145S hAGT (10 M) and doublestranded 16-mer DNA (0.5 M duplex) brought to equilibrium at 15,000 rpm and 20 Ϯ 0.1°C. The absorbance measurements were made at 260 nm. The smooth curve represents the global fit of Equation 3 to data sets obtained at 11,000, 15,000, 20,500, and 27,000 rpm. This analysis returned M r ϭ 95,900 Ϯ 1,700, consistent with a binding stoichiometry of 3.94 Ϯ 0.08.
Here, most terms are defined as for Equation 3; ␣ D and ␣ P n D are absorbances of DNA and protein-DNA complex at r o , the reduced molecular weights of DNA and protein-DNA complex are given
, and n is the protein:DNA ratio of the complex. In this analysis, the known molecular weights of recombinant hAGT proteins (21,614 Յ M r Յ 21,876) and DNA (M r ϭ 4,881 for single-stranded DNA and M r ϭ 9,762 for double-stranded DNA) were used as constants. The partial specific volume of NaDNA at 0.1 M NaCl (0.502 ml/g) was estimated by interpolation of the data of Cohen and Eisenberg (23) . Partial specific volumes of each of protein-DNA complexes were estimated using Equation
Here n is the stoichiometric ratio of protein to DNA in the complex. Equation 5 is based on the assumption that there is no significant change in partial specific volumes of the components upon association. Although we do not know whether such a volume change occurs, it seems reasonable that values of v P n D for complexes containing a large mass proportion of protein (like those analyzed here) should reflect that proportion. Equation 4 was used in global analysis of multiple data sets obtained at different macromolecular concentrations and/or rotor speeds (24) . In this method, the values of ␣ P , ␣ D , ␣ P n D , and ⑀ are unique to each sample, but the value of n must be common to all of the data sets. Nonideality was not considered, because there was no evidence of nonideal effects.
RESULTS

Wild Type and Representative Mutant hAGT Proteins
Are Monomeric-Solutions containing hAGT protein at two nominal concentrations (3.6 and 13.7 M) were brought to sedimentation equilibrium at three different centrifuge speeds (22,000, 31,000, and 43,000 rpm). A representative data set for a 13.7 M sample of His 6 -tagged C145S hAGT taken at 43,000 rpm and 20°C is shown in Fig. 1 quence, consistent with the interpretation that all of the preparations were monomeric within the concentration range tested. Importantly, neither the His 6 tag nor the active site mutation C145A changed the monomeric state of free hAGT. As discussed below, hAGT forms oligomeric complexes with DNA. The absence of detectable hAGT oligomers in the absence of DNA demonstrated here argues against models in which protein association precedes DNA binding.
AGT Forms 4:1 Complexes with a Single-stranded Oligodeoxyribonucleotide 16-mer and Its Cognate Duplex-Mixtures
containing hAGT and single-stranded DNA were brought to sedimentation equilibrium at four different centrifuge speeds (11,000, 15,000, 20,500, and 27,000 rpm). Representative data are shown in Fig. 1 (curve B) ; the solid curve represents the global fit of Equation 4 to the data ensemble. The small, uniformly distributed residuals indicate that the simple mechanism nP ϩ D^P n D, with n ϭ 3.98 Ϯ 0.07 is consistent with the data. Sedimentation models with additional species did not fit the data significantly better than Equation 4 (results not shown). This outcome is intriguing because it suggests that the n ϭ 4 complex forms without significant accumulation of intermediates of lower stoichiometry. This interpretation is supported by the gel mobility shift experiments described below. Parallel experiments carried out with wild type and C145A, His 6 wild type, His 6 -C145A, and His 6 -C145S hAGTs returned closely similar protein-DNA stoichiometries ( Table I ), indicating that neither modification of the active site cysteine nor presence of a C-terminal His 6 tag alters the stoichiometry of association.
Similar experiments were carried out with hAGT and a 16-bp duplex DNA. Samples were brought to sedimentation equilibrium at 11,000, 15,000, 20,500, and 27,000 rpm. Representative data are shown in Fig. 1 (curve C) ; the solid curve represents the global fit of Equation 4 to the data ensemble. As before, the high quality of the fit indicates that the simple mechanism nP ϩ D^P n D, with n ϭ 3.94 Ϯ 0.08 is consistent with the data. Inclusion of additional species in the sedimentation model did not improve the quality of the fit (results not shown), suggesting that, as with single-stranded DNA, stoichiometric intermediates are not present in significant concentrations. This suggestion is supported by gel shift results (dis- cussed below). The fact that the hAGT stoichiometry is the same, within error, for both single-stranded and duplex 16-mers is intriguing, because it suggests that factors determining stoichiometry may not be sensitive to the association state of the DNA.
Electrophoretic mobility shift assays (25) were performed to explore a range of hAGT and DNA concentrations below those accessible in the analytical ultracentrifuge. The binding of hAGT to DNA produced a single mobility-shifted complex at all protein and DNA concentrations that gave detectable binding ( Fig. 2A) . This binding pattern is consistent with a mechanism of the type nP ϩ D^P n D in which the maximum stoichiometry (n) is reached without accumulation of significant concentrations of intermediates (19) Fig. 2B . The values of stoichiometry and K a were calculated from these data as described under "Experimental Procedures." The stoichiometry values most consistent with the data for His 6 -tagged C145S hAGT binding to 16-mer are 3.84 Ϯ 0.2 for singlestranded DNA and 3.99 Ϯ 0.1 for double-stranded DNA. These stoichiometry values (summarized in Table I ) agree well with ones obtained by analytical ultracentrifugation, despite a difference in the salt concentration of the buffers used in the two techniques (serial dilution assays, ϳ10 mM; sedimentation equilibrium assays, ϳ110 mM). Closely similar stoichiometry values were obtained by the electrophoretic mobility shift assay method for the active site mutant C145A hAGT as well as His 6 -wild type hAGT and His 6 -C145A hAGT (Table I) , supporting the conclusion that neither the C145A modification of the active site nor the presence of a Cterminal His 6 tag has a significant effect on the stoichiometry of these interactions.
. The dependence of ln([PD]/[D]) on ln[P] is shown in
Binding stoichiometries were also measured by the continuous variation (Job plot) method (26 [D] o that yields the greatest concentration of complex (the optimal combining ratio) is a measure of the association stoichiometry. As shown in Fig. 3 and summarized in Table I , this method returns hAGT-DNA stoichiometries close to 4:1, in good agreement with values obtained by the serial dilution and analytical ultracentrifuge methods. Taken with the fact that higher stoichiometry complexes are readily observed with larger DNAs (9), 2 the absence of detectable complexes with stoichiometries greater than 4:1, even at high [hAGT], suggests that this stoichiometry represents protein saturation for both single-stranded and duplex 16-mer DNAs. Together, the presence of free DNA in equilibrium with the 4:1 complex and the absence of complexes with protein:DNA ratios Ͻ4:1, suggest that hAGT binds cooperatively to both single-stranded and double-stranded DNAs. Because free hAGT is monomeric (Fig. 1) , this pattern suggests that the protein assembly forms on DNA and not in free solution prior to DNA binding. 6 Tag-Association constants for the interaction of wild type and C145A, His 6 -wild type, His 6 C145A, and His 6 -C145S hAGTs with single-stranded and duplex 16-mer DNAs were calculated from serial dilution data as described above and were also determined by direct titration of DNA by hAGT ( Fig. 4 ; data summarized in Table I ). Measured in these ways, the formation constant (K a ) for the complex of wild type protein with single-stranded 16-mer is ϳ1.5 ϫ 10 23 M Ϫ4 . Assuming equipartition of the binding free energies among the four hAGT monomers, this corresponds to a monomer association constant of ϳ6.2 ϫ 10 5 M Ϫ1 , which is in reasonable agreement with values reported for small (9) and large (27) DNA molecules. The very narrow range of association constants for wild type, active site mutant, and His 6 -tagged hAGT proteins (best seen by comparison of the effective monomer association constants given in Table II) is an especially interesting result. It indicates that neither the C145A mutation of the active site nor the presence of a C-terminal His 6 affinity tag significantly alters DNA binding affinity under our assay conditions. A similar result with active site cysteine mutants was previously obtained for untagged C145A and C145S proteins under different binding conditions, by Hazra et al. (28) . Under our experimental conditions, hAGT appears to bind double-stranded DNA with slightly higher affinity than single-stranded DNA (best seen by comparison of the effective monomer association constants given in Table  II ). In addition, the presence of a methylated guanine nucleotide also enhances hAGT binding, and that enhancement is slightly more pronounced in single-stranded DNA than in double-stranded DNA (Table II) . However, the small differences in affinity and the closely similar stoichiometries suggest that the overall mechanism of hAGT interaction is altered little by changes in DNA secondary structure or alkylation, hAGT active site mutation, or the presence of a C-terminal His 6 affinity tag.
Equilibrium Constants Depend Only Weakly on DNA Secondary Structure, Sequence Changes at the Active Site, or the Presence of a C-terminal His
DNA Interactions of Alkylated hAGT-Proteolysis is the ultimate fate of alkyl-AGT (29), but it is not known whether the alkyl-protein plays a role in DNA repair prior to degradation. Studies were undertaken to examine the DNA binding proper-2 J. J. Rasimas, unpublished results. ties of hAGT protein modified by reaction with substrate analogues methylguanine and benzylguanine. Although these alkyl-proteins were too unstable to analyze by analytical ultracentrifugation, the more rapid electrophoretic mobility shift assay allowed assessment of their interactions with small DNA molecules. The binding affinities of methylated and benzylated hAGT for 16-mer DNAs were determined by direct titration (Fig. 5A) and by serial dilution methods (not shown). Stoichiometries of binding were also determined using by serial dilution and continuous variation methods (Fig.   5C ). As summarized in Table III , alkylated hAGT proteins bind DNA, with somewhat lower affinity than nonalkylated proteins. The larger benzyl adduct causes a greater decrease in affinity than the methyl adduct, but neither modification has a profound effect on binding. Alkylated hAGT proteins bind O 6 -alkylguanine-containing DNA; the affinities of these proteins for lesion-containing oligonucleotides are slightly but significantly elevated over that for lesion-free molecules (Table IV) . Together with the observation that alkyl and native hAGT proteins form similar 4:1 complexes with 16-mer DNAs, the elevated affinity for O 6 -alkylguaninecontaining DNA suggests that the mechanism of binding is not greatly perturbed by protein alkylation.
DISCUSSION
O
6 -Alkylguanine-DNA alkyltransferases reduce the mutagenicity of DNA-alkylating agents and enhance the resistance of tumor cells to chemotherapeutic agents (30) . Despite these important functions, little is known of the mechanisms by which the human protein interacts with alkylated and nonalkylated DNAs. Most models of these interactions are based on results obtained with Ada, a two-domain bacterial protein that shares sequence similarity with human AGT (31). However, Ada has a simple, noncooperative DNA binding mechanism (32) quite distinct from the cooperative one that we have found for human AGT. This disparity may reflect a functional divergence of the eukaryotic and bacterial proteins (33) . The differences in the binding mechanisms of hAGT and Ada suggest that caution should be used in modeling functions of the human protein on the basis of its well studied Ada homologue.
We have shown that hAGT is rigorously monomeric in free solution and that it forms multiprotein complexes with short DNA molecules (Ref. 9 and this work). Human AGT binds with a 4:1 stoichiometry to 16-nucleotide single strands and 16-bp duplexes, regardless of the DNA association state, the presence of repairable O 6 -alkylguanine lesions, active site mutations (C154A and C154S), or the C-terminal His 6 affinity tag. This binding mechanism is robust. Its qualitative features are not affected by changes in [NaCl] (Figs. 1, 2, and 4) , temperatures between 4 and 30°C, or the presence of divalent cations. 2 The absence of detectable complexes with stoichiometries greater than 4 suggests that the 4:1 ratio represents saturation for 16-mer DNA. The presence of the 4:1 complex in equilibrium with free DNA and the absence of detectable complexes of lower stoichiometry indicate that the binding is highly cooperative. These results are particularly significant in view of previous studies in which association constants for AGT-DNA complexes were derived for assumed 1:1 binding models (8) . For a cooperative binding mechanism, differences in the stability of the protein-DNA assembly may be due to differences in the intrinsic affinity of AGT for a given DNA or to differences in the stability of the AGT-AGT interaction. Our results are consistent with binding mechanisms in which the aggregate stability of the 4:1 complex is large enough to effectively mask any difference in affinity for single-stranded and duplex DNAs or any difference in affinity for alkylated and nonalkylated DNAs.
As shown in Tables III and IV , mutation of the active site cysteine to alanine or serine does not eliminate DNA binding cooperativity. This supports the conclusion (28) that conservative mutation of the active site cysteine has little effect on hAGT structure. Because such mutants lack alkyltransferase activity, they are useful for the study of interactions with affinity tag. Although the DNA affinities of His 6 -AGT proteins were slightly elevated when compared with proteins without the tag, the His 6 modification did not alter the binding stoichiometry or the cooperative nature of the interaction. This outcome suggests that the wild type sequence of the C-terminal residues (202-207) may not be a determinant of hAGT selfassociation or binding cooperativity. The elevated affinity observed with His 6 -modified proteins is consistent with the notion that these residues might interact electrostatically with DNA. 3 Experiments designed to probe the effect of the DNA association state on binding affinity returned the striking result that hAGT displays little preference for duplex 16-mers over single-stranded 16-mers (summarized in Tables I and II) . This accords well with results obtained by competition assay using high molecular weight DNAs (9) but is a smaller difference than that found by Bender et al. (8) using 29-mer oligonucleotides. Because the apparent binding site size varies from a 4-nucleotide/hAGT monomer on a 16-nucleotide single-stranded DNA to an ϳ9-nucleotide/hAGT monomer on an 80-nucleotide DNA (9) , this contrast might reflect stoichiometric or geometric differences between our complexes and those of Bender et al. (8) . 4 Alkylation of the active site cysteine has been shown to destabilize the native fold of hAGT (13) . Recently, it has been proposed that an alkylation-mediated conformation change promotes DNA release from the active site (34) . However, results shown above indicate that although alkylation is associated with a mild reduction in DNA affinity, methylated and benzoylated proteins retain significant binding activity. 5 In addition, the cooperative binding mechanism appears to be unchanged by alkylation. Together, these observations raise the unexpected possibility that alkylated protein molecules participate (through cooperative DNA binding) in the DNA binding and repair activities of other hAGT molecules. It was not possible to measure the affinity of wild type hAGT for O 6 -methylguanine-containing DNAs, because of the rapid alkylation of the protein and dealkylation of the DNA, under native binding conditions. However, the modestly elevated affinities of C145A hAGT, His 6 -C145A hAGT, and His 6 C145S hAGT for DNAs containing O 6 -methyl guanine relative to nonalkylated DNAs (Tables I and II) are indications that hAGT possesses some specificity that may enhance its binding to lesion-containing sites. 6 In view of the relatively small preference for O 6 -methylguanine-containing DNA (a factor of 3-4/monomer in our 4:1 complexes), 7 it seems possible that cooperative interactions may provide an alternative mechanism for "scanning" segments of DNA that does not require much preferential binding to lesion sites. Processive binding of large cooperative units of hAGT molecules to long stretches of DNA may provide a mechanism by which alkyl adducts are located and repaired in an efficient manner, despite the low specificity of hAGT monomers for lesion sites. hAGT-containing repair complexes may potentially form wherever alkylation damage occurs, overcoming differences in intrinsic affinity based upon DNA sequences (9) . Cooperativity may represent an essential feature of hAGT-DNA binding that enables efficient repair of a wide variety of lesions contained in any genomic sequence.
By the same token, the cooperative binding has the potential to mask differences in the intrinsic affinity of hAGT for competing binding sites on a DNA molecule. For example, in the binding of His 6 -C145A hAGT to O 6 -methylguanine-containing single stranded 16-mer, our data do not distinguish between a single specific high affinity interaction at the lesion site averaged with three nonspecific interactions and four identical interactions of modestly elevated affinity. In this example, binding to the lesion-containing oligonucleotide is characterized by n ϭ 3.89 Ϯ 0.2, K a ϭ 37.3 Ϯ 22 ϫ 10 24 M Ϫ4 (Table II) , whereas the binding of the same protein to the homologous nonalkylated 16-mer is characterized by n ϭ 3.92 Ϯ 0.1, K a ϭ 0.269 Ϯ 0.059 ϫ 10 24 M Ϫ4 (Table I) . Assuming equipartition of binding free energy, the ϳ138-fold difference in the aggregate stabilities of these complexes corresponds to a difference of ϳ3.4 in the average, monomer-scale association constants. However, if the 4:1 complex contains one protein bound with high affinity to the lesion site and three others bound nonspecifically (with K a equal to that of the protein for nonalkylated DNA), the entire 138-fold affinity difference between complexes on alkyl and nonalkyl DNAs might be a measure of the binding specificity of His 6 -C145A hAGT for an O 6 -methylguanine-containing site in a single-stranded DNA. Similarly large affinity differences are found for other mutant or alkylated hAGT proteins and double-stranded oligonucleotide (Table V) .
Alone, the observed level of preferential binding cannot drive an efficient lesion search in a genome containing ϳ10 9 bp, like those present in many eukaryotes. Although it is possible that other (currently unknown) interactions provide the necessary specificity in vivo, we propose an alternative surveillance mechanism that requires no additional components. High binding cooperativity may allow AGT to occupy any exposed DNA region, including those near replication forks. The movement of this available DNA with replication would produce a processive search for alkylated sites that does not require high lesion binding specificity. A greater understanding of the mechanism by which AGT interacts with target and nonspecific DNAs may ultimately lead to novel methods to control its activities for therapeutic purposes.
